In organic field effect transistors, charge transport is confined to a narrow region next to the organic/dielectric interface. It is thus extremely important to determine the morphology and the molecular arrangement of the organic films at their early growth stages. On a substrate of technological interest, such as thermally grown silicon oxide, it has been recently found that R-sexithienyl aggregates made of flat-lying molecules can simultaneously nucleate besides islands made of molecules standing vertical. In this paper, we investigate the effects due to variations in surface chemical composition on R-sexithienyl ultrathin film formation. Flatlying molecules are no longer detected when Si-OH groups present at the surface are chemically removed but also when the Si-OH or Si-H group density is maximized. This gives evidence that variations in the surface chemical composition can largely affect the nucleation and growth processes of organic/dielectric interfaces. We hypothesize that isolated OH groups can interact with R-sexithienyl molecules and anchor them down flat with respect to the surface.
Introduction
The interface formation between an organic semiconductor film and a dielectric surface represents one of the most important issues in organic thin film transistors (OTFT). The accumulation layer, where the charge carriers are capacitively generated, is expected to be confined to a region immediately next to the interface with the gate dielectrics. 1, 2 Recently, we have demonstrated that, in the case of orderly grown layered R-sexithienyl (T6) films, the first two monolayers are solely responsible for charge transport. 3 Similar results have been then reported in the case of pentacene 4, 5 and dihexyl-quaterthiophene TFTs. 6 It is thus highly relevant to correlate the initial morphology and molecular arrangement of the semiconductor layer to the dielectric surface chemical composition and, eventually, to the film properties. 7 Studies of organic growth on dielectric surfaces mainly concentrated on films as thick as several tens of monolayers. [8] [9] [10] [11] [12] Polymorphism was often observed, but it was not possible to specify the location of the various phases within the films. More recently, the early growth stages have been investigated for the case of T6 on mica 13 and of pentacene on various silicon substrates. 14, 15 In particular, T6 is an extensively studied prototype material showing one of the largest charge mobilities among organic semiconductors. 16 Organic molecular beam deposition (OMBD) in ultrahigh vacuum can be controlled to induce a layer-by-layer growth, which is a prerequisite for this type of investigation. 3, 13 A very recent study of photoluminescence emission and morphology of submonolayer films grown on thermal silicon oxide has clearly shown that aggregates made of flat-lying molecules can simultaneously nucleate besides monolayer islands made of molecules standing vertical. 17 Up to now, the influence of substrate chemistry has been only discussed from a phenomenological point of view. Existing models concentrate on 2D vs 3D nucleation as a function of surface energy and generally neglect the possible effects due to molecular anisotropies. 18 Nevertheless, from previous experiments on OTFTs, it was known that hexamethyldisilazane (HMDS) treatment of pristine thermal silicon oxide (t-SiO 2 ) is essential for improving the electrical performances. 19 In the initial stages of our investigation on the accumulation layer, 3 we have verified that the performances of OTFTs based on T6 directly deposited on t-SiO 2 are also poor in terms of stress (indication of hole traps), contact resistance (nonohmic interface with the electrodes), and mobility values. In particular, charge mobility is typically found <10 -3 cm 2 /(V s), that is, more than 10 times less than the values obtained for HMDS-treated t-SiO 2 . 3 In this paper, we specifically focus our attention on the effects induced on the early growth stages of T6 films by variations in the surface chemical composition of silicon oxide substrates. For this purpose, we have employed atomic force microscopy (AFM), transmission electron microscopy (TEM), time-of-flight secondary ion mass spectrometry (TOF-SIMS), and laser scanning confocal microscopy (LSCM).These techniques allow one to map the morphology, molecular arrangement, and chemical composition with high lateral resolution. For submonolayer coverage, it is found that crystalline islands made of nearly vertical molecules always nucleate, independently of the surface chemical composition. In a regime of complete condensation, the activation energy for homogeneous growth is not strongly affected by large variations in the overall surface properties (namely, hydrophobicity). On the other hand, the nucleation of flat-lying molecule aggregates is found to be dependent on the density of OH groups present at the t-SiO 2 surface, and it is completely suppressed by the removal of OH groups. We believe that this phenomenon might be at the origins of disorder at the boundaries of the first monolayer islands, where hole traps responsible for the electrical performances of devices made on t-SiO 2 can form. Our results are in line with previous publications, 20, 21 underlying the crucial role of surface chemical composition on the electrical properties of organic/ dielectric interfaces.
Experimental
R-Sexithienyl (T6) was synthesized and purified as described in ref 22 . Film growth is obtained in an organic molecular beam deposition (OMBD) apparatus with a base pressure of 10 -10 mbar. The substrate temperature (T sub ) can be varied form 25 up to 400°C and the deposition rate (r) from 10 to <0.02 Å/s.
All the oxide surfaces were cleaned before use by sonication in petroleum ether, dichloromethane, 2-propanol, and water. Thermal and native silicon oxide surfaces were received from CNR-IMM, Bologna, Italy. Hexamethyldisilazane (HMDS) treatment on thermal oxide was carried out in a closed vessel by reaction of the oxide surface with gaseous HMDS. Passivated silicon was prepared by dipping native oxide in 5% HF for 2 min at room temperature, followed by drying with a N 2 flux. Growth of chemical silicon oxide (Si-OH) was performed by dipping passivated silicon in a 30% H 2 O 2 /NH 4 OH 4:1 solution for 10 min at room temperature, followed by rinsing with a 1 mM HCl solution and washing with a copious amount of water.
Contact angle measurements (ultrahigh purity water) were carried out using a DIGIDROP instrument (GBX Instruments). The atomic force microscope (AFM) is a commercial model (Park CP), operated in contact mode as the specimens proved stable enough for imaging under contact.
For TEM analysis, the T6 submonolayer films were transferred to copper electron microscopy grids (200 mesh) using the following flotation technique: we evaporated a thin layer of amorphous carbon on top of the T6 film, put small drops of a polyacrylic acid solution (25% w/w in water, Aldrich) on the zones we wanted to transfer, and then peeled these patches after drying 3-4 h at room temperature. The polyacrylic acid patches were then put upside down on the surface of distilled water and left to dissolve. After 4 h, the self-standing carbon film holding the T6 crystals stripped from the original Si/SiO x substrate was then fished with copper TEM grids. The samples were observed by bright field electron microscopy and electron diffraction using a Philips CM12 TEM fitted with a LaB6 filament and equipped with an SIS Megaview III CCD camera. The accelerating voltage was 120 kV, and to minimize the beam damage, we constantly used the low dose mode of the microscope together with a small C2 aperture (5-3 µm) and low current (spot 8-9 setting). The selected area electron diffraction patterns were recorded at a 2.50 m chamber length using an aperture of 10 µm.
The laser scanning confocal microscope (LSCM) employed is an inverted Eclipse TE-2000-E Nikon microscope, adapted to perform photoluminescence spectroscopy. A complete description of this experimental setup is reported in ref 23 .
The time-of-flight secondary ion mass spectrometry (TOF-SIMS) analysis was performed using a TOF-SIMS IV (Ion-Tof GmbH, Münster, Germany), operated at a pressure of 10 -8 mbar.
A pulsed (15 ns) 25 keV 69 Ga + primary ion beam incident at 45°to the surface normal was employed. The mass resolution (M/∆M) was typically >5000 in positive mode. To achieve high spatial resolution (with a maximum resolution of 250 nm), imaging was performed in the burst alignment mode. 24, 25 3. Results
Ultrathin Film Morphology.
In Figure 1 , we report AFM topographical images of T6 films deposited on pristine thermal silicon oxide (t-SiO 2 ) at a T sub of 120°C and two different r values (r 1 ) 0.02 and r 2 ) 0.1 Å/s). The total quantity of material deposited can be evaluated by using a quartz microbalance maintained at room temperature (RT). In the submonolayer regime (parts A and B of Figure 1 ), the molecules form islands 2.4 ( 0.2 nm high, as estimated by means of AFM. 3 This is evidence that they stand with their long axis almost perpendicular to the substrate. For such a layered structure, the real coverage θ can be defined as the total area covered by the monolayer islands belonging to the first and upper layers. Images reported in Figure 1 represent samples with θ ranging from 0.5 to more than 3 monolayers (ML). As the deposition continues, the island size augments and coalescence eventually occurs until the formation of a complete monolayer ( Figure 1C ). Then, nucleation of islands 2.4 ( 0.2 nm high, forming the second monolayer, starts and growth proceeds in a layer-by-layer fashion (parts E and F of Figure 1 ).
In Figure 1 (bottom), θ is plotted vs the total amount of material deposited, expressed in terms of nominal thickness t (assuming a sticking coefficient of 1, a value of 1.4 for the material density and a molecular orientation perpendicular to the substrate plane). At this T sub , desorption is not negligible: for a given t value, r 1 films show lower θ than r 2 films. This has been already reported for other materials, in particular for pentacene. 26 The ratio θ r1 /θ r2 is found to be independent from t and equal to 0.8. We can also define the nucleation density N as the number of islands per unit area. In the submonolayer regime (parts A and B of Figure 1 ), as expected, N increases with increasing r. 27 T6 films have also been grown on other substrates with different surface chemical composition, namely, chemically grown oxide (Si-OH), thermally grown silicon oxide treated with hexamethyldisilazane (HMDS/t-SiO 2 ), native silicon oxide (n-SiO 2 ), and HF-treated silicon (Si-H). Differences in the rootmean-square (rms) roughness of the substrates are negligible: they all range around 0.2-0.3 nm. The hydrophobicity however varies substantially: contact angle data for water are reported in Table 1 . A scale of hydrophobicity can be drawn as follows: Si-OH< n-SiO 2 < t-SiO 2 < HMDS/t-SiO 2 < Si-H. Monolayer islands with the same height as those described for t-SiO 2 nucleate on all these surfaces.
For Si-H, Si-OH, and t-SiO 2 , we have simultaneously deposited films of fixed t, at 0.04 Å/s and T sub ranging from 25 to 100°C. In Figure 2 , we show the morphology of films grown at 40 and 70°C. As measured by means of AFM, θ is equal to 0.28 ( 0.01 ML for all substrates. From the power spectrum density of the AFM images, the correlation length can be evaluated. 11, 28 At this coverage, assuming that island merging does not yet occur and a narrow island size distribution, represents the average distance between adjacent islands. N can be thus evaluated by making the statistical approximation N ∼ (A/ 2 )/A ) -2 , where A is the area of the image considered and 2 the average area occupied by each island. At 100°C, desorption becomes non-negligible resulting in a θ reduction of roughly 10%. Our analysis is therefore restricted to T sub e 85°C, in a regime of complete condensation. 27 N turns out to be the highest on Si-OH and the lowest on Si-H. For instance, at T sub ) 70°C, it is equal to 1 × 10 -5 nm -2 for Si-OH, 7 × 10 -6 nm -2 for t-SiO 2 , and 5 × 10 -6 nm -2 for Si-H. vs 1/T sub is shown as an Arrhenius plot in Figure 3 . By fitting the three curves, one obtains the activation energy for homogeneous nucleation E N ≈ 2 × E . For complete condensation, E N is equal to E d + iE i , where E d represents the diffusion activation energy and E i the nucleation activation energy of the smallest stable cluster made of i molecules. 27 Data reported in Table 1 indicate that E N does not vary substantially: Si-H shows the highest, Si-OH the lowest, and t-SiO 2 an intermediate value. From other experiments, HMDS/t-SiO 2 exhibits the smallest E N value along with the highest nucleation density (Table 1) . AFM observations (parts B, D, and F of Figure 2 ) show that islands formed on Si-H present more round boundaries, whereas islands grown on Si-OH have more fractal boundaries.
For given deposition conditions, the growth of thicker films appears to be independent of the surface chemical composition. Multilayer films can be grown in a nearly layer-by-layer fashion even at room temperature (RT) provided that r is suitably lowered. 3 In Figure 4 , we present topographical images of samples grown on Si-H and Si-OH at RT, r < 0.02 Å/s, and θ of several stacked monolayers. 
Molecular Arrangement.
On submonolayer samples, we have performed TEM analysis. In Figure 5 , we report a representative electron transmission image and the corresponding selected area diffraction pattern recorded on a monolayer island grown on t-SiO 2 . The diffraction pattern is characteristic of a single crystal. As we can only observe (0kl) spots, only the contact plane of the islands can be deduced. Indexation of the various spots is possible on the basis of a comparison with the bulk structure reported by Horowitz et al. 29 The contact plane turns out to coincide with the bc plane of the bulk crystal phase. 30 No noticeable difference was observed between the different substrates at all T sub values investigated. The in-plane orientation of the islands is random, as expected for growth on amorphous isotropic substrates. Therefore, disorder is likely to be present at the island boundaries. However, TEM resolution on these organic samples does not allow us to image such defects as well as defects possibly present within single-crystal islands.
Films grown on Si-H were not studied because their transfer onto TEM grids was not possible by using the method described in the Experimental section. Nevertheless, from grazing incidence X-ray data, we can state that these islands are also crystalline with the same contact plane as those grown on the other substrates. 30 As previously mentioned, on t-SiO 2 , a photoluminescence (PL) emission characteristic of aggregates made of flat-lying molecules has been recently detected. 17 Three regimes can be defined. For θ below 0.04 ML, no PL is ever detectable whereas small monolayer islands already nucleate (as detected by means of AFM). For 0.04 ML < θ < 1 ML, PL is always detectable in the interstitial areas between monolayer islands. For θ > 1 ML, no PL has ever been detected suggesting the absence of T6 molecules lying flat. The analysis has been extended to the other substrates under investigation. No such characteristic PL has ever been observed for all T sub values explored from the interstitial areas on Si-H, Si-OH, HMDS/t-SiO 2 , and n-SiO 2 . Neither AFM operating in contact mode (acquiring frictional force maps) nor in noncontact mode (acquiring phase shift maps) detects the presence of isolated T6 molecules or clusters in the interstitial regions. Therefore, it is not possible to quantify the total amount of material present in the interstices, and in this regime, θ is an underestimation of the real coverage. However, on samples simultaneously grown ( Figure 2) showing and not showing PL, there is no appreciable difference in θ within the experimental error. This indicates that the amount of flat-lying molecules is much lower compared to the amount of molecules standing vertical.
TOF-SIMS analysis was performed in order to ascertain that the detection of PL in the submonolayer regime is only due to the presence of T6 molecules in the interstices. In Figure 6 , we present AFM and S -intensity images of samples grown at 150°C and 0.02 Å/s with 0.3 ML coverage. These samples are suitable for our purpose as the islands are large and well separated (compare with Figure 1 ). The characteristic PL was observed from the t-SiO 2 sample ( Figure 6E) but not from the n-SiO 2 one. The islands made of vertical molecules appear dark as they are not luminescent due to the inefficient coupling between the electric field of the exciting laser and the molecular dipole moment. 17 Mass spectra were recorded for both samples along with references from bare t-SiO 2 , n-SiO 2 , and thick T6 films. A complete interpretation of the TOF-SIMS spectra will be reported elsewhere. S -ions are only generated from the thiophene molecules, thus, the intensity of S -peaks provides a good contrast between regions where T6 is present or not. Data show that S -ions are detectable in both the interstitial and island regions on t-SiO 2 . On the contrary, no trace of T6 can be detected in the interstitial regions on n-SiO 2 , in agreement with PL measurements.
Discussion
First, it is worth underlining that monolayer islands with a T6 long axis nearly perpendicular to the surface always nucleate independently of the surface chemical composition (i.e., whether this is hydrophobic or hydrophilic). These islands are crystalline, and the contact plane coincides with the bc plane of the bulk crystal in a wide range of T sub . Both the nucleation density and the island shape change with varying surface chemical composition. The estimated E N values for homogeneous nucleation differ from 230 to 250 meV (see Table 1 ). T6 molecules turn out to be more affine to hydrophilic surfaces as further evidenced by the island shape (indicating a higher diffusion around the islands for Si-H). Strikingly, these E N values obtained in a regime of complete condensation and submonolayer coverage are in close agreement with the value obtained for much thicker films grown on a rather different substrate such as mica (260 meV). 12 Second, the presence of T6 molecules lying flat on the substrate has been only ascertained for the case of t-SiO 2 in a wide range of deposition conditions. The surface chemical composition of t-SiO 2 is characterized by the presence of Si-O-Si and Si-OH (silanols) groups. 19a, 31 The density of OH groups on t-SiO 2 is variable and not controllable. 31 From our data, wafers grown under the same conditions can show contact angle values ranging from 30°to 70°. Variations of up to 30% can also be observed when going from the center to the periphery of the same wafer. After HMDS treatment, the contact angle typically increases, evidence of the removal of OH groups. In the case here presented, the initial high contact angle value indicates that the OH density is rather low. This is further suggested by the small variation in contact angle after the HMDS treatment (Table 1) , which fully removes the OH groups. This treatment is sufficient to suppress the presence of aggregates made of flat-lying molecules. It is thus apparent that flat-lying molecule aggregates can only generate in the case of a substrate with an intermediate OH concentration. On the basis of these evidences, we hypothesize that single OH groups can interact with T6 molecules and anchor them down to the surface. Recently, it has been proposed that hydrogen bonds can form between OH groups and S atoms of thiophene rings. 32 This is consistent with our observations and might explain why a high density of OH groups is also detrimental to the phenomenon. A repulsive interaction is likely to occur between the OH groups not interacting with the S atoms and the C atoms of the thiophene rings. Hence, the overall interaction would result repulsive, hampering the molecules from lying flat.
Once anchored, the flat-lying molecules can nucleate stable aggregates in a film with submonolayer coverage. 17 The islands made of standing molecules appear to progressively incorporate the flat-lying molecules during their growth. We can thus infer that they are thermodynamically more stable. On mica, the formation of a stable layer made of molecules lying on their side was on the contrary observed. 13 This molecular reorientation is expected to be an activated process. Depending on T sub and r, defects such as vacancies or dislocations may originate at the boundaries of the randomly oriented islands when they merge. These defects are likely to be in a larger proportion compared to surfaces with high Si-H or Si-OH group densities, where flat-lying molecules are not present and this molecular reorientation does not take place.
Analogous phenomena due to localized substrate/molecule interactions could occur in the early growth stages of other oligomer/dielectric interfaces, also affecting organic/electrode interfaces and device performances. Furthermore, achieving control of supramolecular organization could be crucial in order to exploit other functionalities deriving from molecular anisotropies such as optical ones. 17 
Conclusions
Herein, we have presented an investigation of the initial stages of R-sexithienyl film formation on various silicon oxide substrates. In a submonolayer regime, monolayer islands made of molecules standing vertical with respect to the substrate nucleate on all surfaces were investigated. These islands are single crystals with the contact plane coinciding with the bc plane independently of the surface chemical composition. The in-plane orientation of different islands is not correlated, and once completed, the first monolayer consists of a mosaic of crystalline domains. The surface chemical composition affects, though slightly, the nucleation density. Hydrophilic surfaces present an activation energy value for homogeneous growth slightly lower with respect to hydrophobic surfaces.
On pristine thermally grown silicon oxide, aggregates made of flat-lying molecules can also nucleate. OH groups present at the surface are likely to anchor the molecules down to the surface. The flat-lying molecules progressively reorient with the completion of the first monolayer. These domains are therefore less stable than the islands formed by vertical molecules. This study provides evidence, for the first time to our knowledge, that variations in the surface chemical composition can largely affect the nucleation and growth processes of organic semiconductors.
